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Assrnecr

An *-ray study of parisite and related minerals from many localities establishes the
existence of four species: bastnaesite, CeFCOs; parisite, 2CeFCOe.CaCO3; roentgenite,
3CeFCOr'2CaCO3; and synchisite, CeFCOa.CaCO3. Bastnaesite has space group C62c,
a:7.76, c:9.79 A, 2:6. Parisite has space group R3, a:7.78 for the ordered Iorm, a
:7-12 lor the disordered form, c:84.1 h, Z:tS. Roentgenite has space group R3, o
:7.13, c:69.4 A, Z:9. Synchisite is orthorhombic or monoclinic with p:99", pseudo-
hexagonal axes a:7.17, c:54.7 A, Z:18. All structures show a pronounced pseudo-H-
centering of the iattice, which leads to a pseudo-axis a':a/2 cos 30". When the structures
are referred to the o'cell, several pseudo-periods along, are observed: one, c"':cf2, in
the case of bastnaesite; three, c':cf3, c":c/6, and c"':c/78, for parisite; two, c':cf3,
and c"':c/75, for roentgenite; three, c':c/3, c":c/6, ar'd c"':c/I2, for synchisite.
Oftedal's structural scheme is confirmed in its essentials. A linear relationship exists be-
tweetr c"' and the chemical composition.

Single crystals occur rarely. Most specimens are "polycrystals," syntaxic intergrowths
of two species. Every pair has been observed, except bastnaesite-synchisite. Differential
solubility in nitric acid reveals that the two species are in contact along an irregular surface
or along repeated planes parallel to (0001). The complex morphology of these minerals,
repeatedly discussed in the literature, is fully explained when the faces on the polycrystals
are referred to the appropriate species. Indices of refraction are predicted in two ways:

* Publication authorized by the Director, U. S. Geological Survey.
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(1) from ionic refractivities; (2) from form-birefrigence formulas, by letting slabs of the

crystal structure be the components of Wiener's "mixed body." The indices thus predicted

agree with those measured on specimens identified by r-rays.

INrnooucrtoN

The main reason for undertaking this study was the promise it held of
yielding additional information on syntaxic intergrowth, a phenomenon
often mentioned in the literature since Ungemach coined the term syntaxy
in 1935, and recently encounlered in the andorite series (Donnay and
Donnay, 1952). We are indebted to H. T. Evans, of the U. S. Geological
Survey, for suggesting the problem to us. This work was completed as
part of a prograrn undertaken by the Geological Survey on behalf of the
Division of Research of the Atomic Energy Commission.

The baffling morphology of parisite and related minerals, Iong a prob-
Iem to crystaliographers, had never been completely solved (Cesdro,

1907; Palache and Warren, Tgll; Ungemach, 1935; Parker et al, 1939).
The question of the chemical composition of synchisite also re-

quired clarificati.on. The formula for the mineral had been writtenr
CeFCOr CaCOa. It remained somewhat doubtful because, as was pointed
out by H. Jaffe of the U. S. Geological Survey, the indicesof refraction
reported in the l iterature for synchisite (CeFCOe'CaCO3) and parisite
(2CeFCOr CaCO) were almost identical. This similarity could not be
reconciled with t.he difference in chemical composition. Moreover, Ofte-
dal's calculations (1931b), by means of which he claimed to have con-
firmed the synchisite formula, were based on a specific gravity of 3.9
(determined by fl ink, 1901, p.35), whereas specific gravities as high as
4.15 were measured by us on crystals, small fragments of which were
identified as synchisite by *-rays.

C. Frondel kindly placed at our disposal the material of the Harvard
Museum, including some of the specimens measured and described by
Palache and Warren (1911). G. Switzer made available to us all the
relevant specimens of the U. S. National Museum. About 35 crystals
were studied. They come from the following localities: Narsarsuk, Green-
Iand; Quincy, Mass.; Muzo, Colombia; Pyrites, Mont.; Mountain Pass,
Calif.; Bear Paw Mountains, Mont. More than 120 x-ray patterns were
interpreted. They are rotation, precession, and Weissenberg photographs,

taken wi th MoKa ( I :0 .7107 A) or  CuKa ( \ :1 .5418 A) radiat ion.
One of the results obtained was the discovery of a new mineral, roent-

genite, 3CeFCOr.2CaCO3, the description of which has already been
published (Gabrielle Donnay, 1953b).

1 In this and all other formulas appearing in this paper, Ce actually stands for the rare

earths of the cerium group.



GABRIELLE DONNAY AND J. D. E. DONNAY934

0

& 9
J ;

0 ? 9

l l x

q o

6 ) N

4 d

c o v
- o

s>

F X

3 1 3- o

o o
x >
d ' i i

! t s=
G . E

i ^ +

.Ez
p



BASTNAE:;ITE, PARISITE, ROENTGENITE, AND SYNCHISITE 935

UNrr-Corr DrlrpxsroNs ar.Io SvMMornv

Some of the s;pecimens examined give r-ray diffraction patterns that
reveal only one ,:rystailine species in a specimen. The data obtained from
these single crys;tals will be presented fi.rst.

Rotation photographs about the t axes of the four species (Fig. 1)
show the following similarities. (1) Intense row lines (reciprocal-lattice

rows parallel to c*) lead to a pseudo-axis a'of length 4.1 A: very faint
row lines give ttLe true a, at 30o to a' and.of length 4.1X2 cos 30":7.1 h.

Frc. 2. Reflections 112 I showing pseudo-period c'. (MoKa radiation; about 24-hour

exposures.) (a) Reciprocal lattice rows from precession films mounted against composition

to show linear varia.tion oI c"'*. (b) Row lines of c axis rotation photographs.

The a lengths,2 accurately determined from precession films, differ very
little from spec:ies to species (Table 1). (2) The strongest layer lines (re-
ciprocal-lattice nets perpendicular to c) correspond to a pseudo-period
c"'decreasing from 4.9 to 4.6 A fto- bastnaesite to synchisite. (3) An-

2 Oftedal recognized the true a of bastnaesite (193la), but erroneously ascribed the faint

row lines shown by parisite rotation patterns to a parallel intergrowth with a hypothetical

substance, which he also postulated in synchisite (1931b, p. 4114). Strunz (1949, p. 130)

correctly transformed Oftedal's cells to the alternate setting, presumably to bring out the

relationship with bastnaesite.
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Tanr,r 1. Cnvsrar Dare

(AIl lengtbs expressed in A units and known to +03/6)

Bastnaesite
CeFCOT

Parisite
2CeFCOr.CaCOa

Roentgenite
3CeFCOr' 2CaCOr

Synchisi te
CeFCOT CaCOr

a'

c'

c

Difiraction aspect
(pseudo-cell o'c')

Difiraction aspect
(cell oc)

Laue class
(cell c)

Space group
(cell ru)

Vol. of unit cell, V
Molmlarweight, MW
Formula uDits,/cell, Z
Spec. grav., G(calc.)
Spec. grav., G(obs )c

4 . 1 4 ! e  4 . 1 l r b

? . f i 6 a  7 . r 2 t b

4 . 6 7  t

t4.o,

28 0!

8 4 . 1 ,
c  :18r " '

R3

2 0 8 . 4 X 1 8 4  2 0 5 . 4 X 1 8 b
5 3 8 .  3 7

18
4 2ga 4 .35b
4 . O 5 , 4 . 2 6 , 4  3 9 ,

4  41 ,
all+ 0. 1

4 . I 1 t

4 . 6 2 t

2 3 . 1 1

c ' : s c ' t l

69 41

c : 1 5 c " '

9 . 7 3 3

4 . 1 0 s
7 . 1 O t
4 . 5 6 0

9 . 1 2 0

18.24

5 4 . 7 ,
c : L 2 c " '

7 . 6 9 o

! ! !
m m m

C62c

2 t 7 . 4 X 2
219.14
6
5 . 0 2
4 . 7 8 X 0 . 1
4.99d
4 . 9 - 5 . 2 e

R3

2 0 3  8 X 1 5
857 60

9
4 . 1 9

Orthorhombic or
monoclinic

1 9 9 . 5  X  1 2
319 23

1 8
3 . 9 9

4 . 0 5 , 4 . 1 5 ,
au t  0 .  1
3 .goz f

a Ordered,
b Disordered.
o Data probably obtained on polycrystals
d Glass and Smalley (1945).
e  Pa lache e /  d / .  (1951,  p .  289) .
r nti.k (tsor).

other well-marked pseudo-period, c", is found in two of the species: in
parisite, c":3c"', and in synchisite, c":2c"'. (4) Every species save
bastnaesite possesses yet another pseudo-period, c', which is not so easily
recognized as ctt ar.d is best seen on the first strong row line, con-
sisting of reflections 1121 (Fig. 2). Between the zero and first c"' Iayer
line no such reflection appears on the bastnaesite pattern (cttt:c'); five
reflections of medium-strong intensity appear on the parisite pattern
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- ' . "  - '  L . - ; ;

Frc.3. Precessiorr films of reciprocal lattice planes (010)*. Faint reflections, which lead
to the true c period, appear on the row lines parallel to cx for which hl3n: (MoKa radia-
tion; 24-hour exposures.)

(c ' :6c" ' )1 four , rn the roentgeni te pat tern (c ' :5c" ' ) ,  and three on the
synchisite patter:n (c':4c"'). The true d values can be obtained from
reflections that euppear only on the faint row lines. They were measured
on precession fihns exposed for about 24 hours (Fig. 3). For bastnaesite,
c :2c ' .  For  the other  three species c:3c ' . In  terms of  c" ' ,  c : I8c" '  for
parisite, c:15c"' for roentgenite, and c:72c"' for synchisite.

The chemicai compositions of only bastnaesite, CeFCO:, and parisite,
2CeFCOa CaCO3, were well established when this study was begun
(Palache, Berman and Frondel, 1951, p. 289,282). With these formulas
and the observed specific gravities (Table 1), the number of formula
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units in the true cell is found to be 6 for bastnaesite and 18 for parisite.
The diffraction aspect of every pseudo-cell a' c' is C*** 1 that of the true

cell ac is C**c for bastnaesite and R** for parisite and roentgenite. The
Laue class is 6/m 2/m 2/m for bastnaesite and 3 for parisite and roent-
genite. The symmetry of synchisite is lower than hexagonal, either ortho-
rhombic C-centered or monoclinic with an angle of 120o; even 40-hour
exposures of upper levels on the precession camera did not bring out the
faint reflections sufficiently to enable a decision to be reached. Morpho-
Iogical observations in the l iterature (Palache and Warren, 1911, Fig. 3),
however, can be interpreted as due to orthorhombic symmetry. Bastnae-
site is very strongly piezoelectric (Wooster, in Oftedal, 1937a, p. 465), so
that the absence of a center of symmetry in its space group is established.
The structural resemblance of the other three minerals to bastnaesite
rules out centrosymmetric space groups for all of them. The symmetry of
the true cell,C62c (D37,a) forbastnaesite, R3 (Cs9 for parisite and roent-
genite, is obtained from structural considerations (see below, under crys-
tal structure).

Frc. 4. Precession photograph of disordered parisite crystal from Quincy, Mass. (U. S.

Nat. Mus. R2610) Note streaks, in addition to sharp reflections, parallel to c*. (MoKa

radiation; 16|-hour exposure.)

Two parisite crystals give diffraction patterns on which diffuse reflec-
tions, drawn out parallel to c*, are superposed on the usual sharp reflec-
tions of every reciprocal-lattice row paraliel to c* (Fig. 4). Jagodzinski
(1949) has shown that such a pattern is produced by disorder in the se-
quence of chemically difierent ordered layers. In this case the layers are
perpendicular to c*. Thus the two crystals examined belong to a dis-
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ordered form. It is probable that they crystallized at elevated tempera-

ture. The c length is the same for the disordered form as for the ordered

one, but the o lengths show a difierence which, although small, is beyond

experimental err,or (Table 1). It is probably accidental that disorder was

observed in parisite only; roentgenite can be expected to show it too'

Syxrnxrc INrBncnowrus

The term synto.ry was coined by Ungemach (1935a, p. 184 and 187) by

analogy with the' term epitaxy previously introduced by Royer. Whereas

epitaxy referred to an oriented overgrowth of one substance crystallizing

on another, syntaxy was meant to designate the orjented intergrowth of

two chemi,cally identical, substances alternating with each other, but hav-

ing crystallized simultaneously, whose corresponding cell edges are in the

ratio of small inl.egers. Ungemach coined the term to describe the inter-

growths of coquimbite and paracoquimbite (1935a, p. 165-190). As the

surfaces of junction between constituents are planes (0001)' he con-

sidered this kind of intergrowth a special case of epitaxy; in fact he writes
(1935a, p. 1Sa) that if the two minerals constituting the edifice were of

difierent chemical compositrons, he would consider the assemblage an

example of repeated epitaxy.
In a subsequent paper Ungemach (1935b) looks for other examples of

syntaxy. He stresses the fact that the phenomenon was already known in

carborundum. He then describes parisite-synchisite intergrowths in great

detail (1935b, pp. 6-18) and attempts to prove that they are syntaxic

intergrowths, in his sense of the word. In efiect he feels that the very

occurrence of thr: intergrowths js in itself proof that the chemical compo-

sitions of the constituents must be identical. He, who as early as 1925

had suggested that synchisite as originally described should be split into

two species (one of them parisite), now reverses his previous conclusion.

A very searching morphological analysis leads him to distinguish three

"polymorphs": "parisite o" (:synchisite), "parisite t, ' '  (:parisite), and

"parisite B," which we have been able to identify as being roentgenite.

Ungemach's clefinition of syntaxic intergrowth seems to be unduly re-

strictive, as this kind of intergrowth is found to occur also with consti-

tuent substances that are chemically diferent. We therefore propose to

abandon the condition of identity of chemical compositions. Henceforth

we shall use the term syntaxy in this extended meaning.
A large proportion of the "crystals" examined give r-ray patterns

(Fig. 5) that reveal the co-existence oI two crystalline species in syntaxic

intergrowth. Indeed, the specimens discussed above, which give the dif-

fraction pattern of a single species, may do so because only their very tip
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is bathed in the *-ray beam. There is morphological evidence that many
of these specimens are also intergrowths. With the exception of the
bastnaesite-synchisite combination, which has never been observed, all
possible pairs have been found. It appears therefore that, in the group of
minerals under investigation, syntaxic intergrowth can occur when the
pseudo-periods c"' differ by as much as 5.5/6, but it no longer occurs
when the difierence reaches 7.0/6. The mutual orientation of the two
species consists in a perfect parallelism of their coordinate axes. The a
axes of the two species may have the same sense or opposite senses. In
the latter case the two species are related to each other, like the two indi-
viduals of a twin, by a 60o-rotation about the 3-fold axis c. A parisite-
roentgenite polycrystal (Harvard Museum No. 84233, labeled "synchi-
site" from Narsarsuk) showed this phenomenon. The t-ray reflections are
sharp spots, indicating that each individual crystalline domain is at least
0.1 micron across. Streaks parallel to c*, l ike those observed for pure
parisite, were produced by one specimen from Montana (U. S. National
Museum No. R84440), which was identif ied as an intergrowth of parisite
and roentgenite. Whether the disorder occurs in the parisite, in the roent-
genite, or in both was not determined.

lVlorphologically many of these intergrowths are not readily disting-
uishable from single crystals and have in fact often been referred to as
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"crystals" in thr: Iiterature. As they are not homogeneous solids, this

usage is unfortunate. To such an edifice, composed of two or more struc-

turally distinct species in syntaxic intergrowth and simulating a single

crystal, it has been found convenient to apply the term "polycrystal"
(Gabrielle Donnay, 1953a).

The confusion that characterizes many morphological descriptions

and which is emphasized by the etymology of the name synchisite-from

the Greek word for "confounding"-is due to the prevalence of poly-

crystals. Most of the specimens lent to us, even carefully measured

"crystals" described in the literature, were found on x-ray examination

to be mislabeled. The morphology of these intergrowths is fully described

by Ungemach (1935b); it wil l be explained in the section on morphology.

Occasionally an intergrowth is recognizable as such. In one case

(Harvard Museum No. 84233 Narsarsuk) a parisite rhombohedron was

attached to a bastnaesite prism. The surface of contact, henceforth re-

ferred to as inte:rface, was planar but not a parting plane. The crystals

were separated by a method described below. The other case is a group

of a dozen intergrowths from a hand specimen of the U. S' National Mu-

seum (cordylite, R2613, Narsarsuk). Each intergrowth consists of a

pyramid topped by a thin plate. The appearance' on a vastiy smaller

scale, recalls tha,t of a tiny erosion pillar capped by a miniature mesa.

The pyramid is a polycrystal of parisite and roentgenite, the plate is

bastnaesite. Attempts to isolate the plate were unsuccessful because

again the interface was not a plane of parting.

There exists a. simple method of studying the physical nature of the

intergrowth, based on the known differential solubility of the constitu-

ents. Bastnaesite is insoluble in concentrated cold acid, parisite dissolves

slowly in it, roentgenite dissolves readily, and synchisite very quickly,

even in dilute acid. The bastnaesite plate comes off easily when the inter-

growth is dippecl in concentrated nitric acid for a few minutes. Many of

the polycrystals were observed under a binocular microscope while sub-

merged in acid and afterwards again studied by r-rays. The dissolving

of one of the forrns could thus be verified. Two difierent types of syntaxic

intergrowth ap[)ear, often on one and the same polycrystal. The one

type (Fig. 6a) may be described as two-dimensional, because the inter-

face is planar, parallel to (0001). The constituent layers vary from very

thin to thick. Tbis type of intergrowth is to be expected because the inter-

face is the plane controlled only by the o axes, which are nearly identical

for any two species. The second type (Fig' 6b) is three-dimensional; that

is, the interface is irregular. By dissolving out the more soluble consti-

tuent, the acid leaves a deep crevice or a "drill hole" randomly oriented

with respect to crystallographic directions.
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Frc. 6. Roentgenite-synchisite from Narsarsuk, Greenland. The polycrystal was
dipped into dilute nitric acid for 10 minutes and synchisite dissolved out. (a) Two-dimen-
sional intergrowth; interface is planar. (b) Three-dimensional intergrowth; interface is
irregular.

The frequent occurrence of polycrystals is an expression of the in-
abil ity of the system CeFCOa-CaCOs to form solid solutions. One crystal
precipitates until the conditions in the solution have changed suffi-
ciently for the next compound to separate out. The latter crystallizes on
the original crystal. The two species alternate, so that periodic changes
in the conditions of the system must be postulated. The two species do
not necessarily have neighboring compositions on the phase diagram.
These observations require conditions to change not only periodically
but also discontinuously. Variations in the pH of the solution may well
be the controlling factor during crystal growth, and dissolution of a large
part of the polycrystal may account for the mushroom-like specimens.
They would, at one time, have had the appearance of a single crystal yet
have consisted of three species, a situation which would be expected to
occur frequently but which has not been observed.

Another intergrowth of bastnaesite, namely with fluocerite (tysonite),
CeF3, has been described by Oftedal (1931c). Bastnaesite, in this case, is
an alteration product of fluocerite.

TnB CnnurcAr CoMposrrroNs or.RoBwrcBNrrE AND SyNcnrsrrn

Because of the predominant occurrence of polycrystals, it would have
been necessary to examine innumerable small crystals by r-rays in order
to obtain enough pure material for chemical or spectroscopic analysis.
Practical considerations, among them a lack of specimens, rendered such

f

${[
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a procedure impossible. Crystallographic deductions, however, led to

the chemical formulas.
All reflections hkil with (z-ft) divisibie by 3 are at least 100 times as

intense as those for which (h-k) is not divisiLrie by 3. It is safe to infer

that the heavy cerium and calcium atoms do not contribute to the weak

reflections and are therefore responsible for the pseudo-H-centering of

the cell, which gives rise tq the pronounced pse.udo-period o', common to

all four species. In other words, for every cerium or calcium atom in any

site r, y, z, there must be two other atoms of the same metal at rlt,

! l i , z and of $, t l |, z. The structure thus contains horizontal layers

of cations. Substitution of calcium and cerium for each other is ruled out

because it would result in an increased intensity of the weak reflections.

The pronounced pseudo-period c' indicates that the heavy atoms repeat

along the a axis at intervals close in length to c'. In consequence the num-

ber of cerium atoms and that of caicium atoms in the pseudo-cell ac'

must be multiples of 3.
The possibility must be consid,ered that roentgenite and synchisite

might be polymorphic forms of parisite, so that their compositions.would

c"'(i)

MOL,  % CoCO.

4 5 0
o

Ce FCO J

Frc. 7. pseudo-period c,,,(A) piotted against compositibn expressed in mol. /e CaCOr.

Black circles used to construct line; size of circles gives uncertainty of measurements'
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/ l  .  co t
_ :  C € r F

- - -  =  C o

P A R I S I T E  R O E N T G E N I T E  S Y N C H I S I T E

Frc' 8' schema'n *T::il1'lT,:ff?;?iJffi'H:';":l;lohedral rattice points

be CezCaFz(COa)s or very close to it. With the measured specific gravities
(Table 1), the contents of the cell ac'turn out to be CeroCasFro(COr)rs
for roentgenite and CesCaaFa(COs)rz for synchisite. Neither 10, nor 5,
nor 8, nor 4 is a multiple of 3 ! The hypothesis of polymorphism is thus
ruled out.

How does the cell volume vary with composition? The smallest cell,
namely a'c"' , is used as it probably contains the same number of cations
in every species. The variationin a'from mineral to mineral is insignifi-
cant but that of c"' is not. Consequently c"' is plotted against composi-
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tion, the latter being expressed in mol. /o CaCOt (Fig. 7). A straight line
is drawn through the two known points corresponding to bastnaesite
and parisite. The observed c"'value of roentgenite, when placed on this
Iine, gives a composition of 40.0 mol. /6 CaCOai that of synchisite gives
50.07a CaCOs. In order to check the integral values found graphically,
d"'values for these compositions are calculated from the equation of the
Iine. For 3CeFCOa.2CaCOt the calculated c"' is 4.629 A as compared
with the observed value of 4.627 +0.015 A; the calculated c"' ' talue ior
CeFCOa.CaCOr is  4.563 A 

"s 
.o.pured wi th 4.560+0.015 A.

The contents of the ac' cells calculated with the formulas thus obtained
Iead to 5 layers, 3 of cerium and 2 of calciurr,r, in roentgenite; and 4 lay-
ers,2 of cerium and 2 of calcium, in synchisite (Fig.8). The observed
pseudo-periods c' are thus explained, a fact which in itself is a confirma-
tion of the chemical formulas. The chemical formulas are further sup-
ported by the excellent agreement between calculated and observed in-
dices of refraction (to be discussed below). The comparison of observed
and calculated specific gravities, commonly used to check the composition,
cannot be relied on, because specimens large enough to be weighed on
the Berman balance are likely to be polycrystals. The wide range of den-
sities reported for bastnaesite and parisite (Table 1) bears out this state-
ment.

Cnvsr,c,r SrnucrunB

The structural scheme of bastnaesite, parisite, and synchisite was pre-
dicted by Oftedal (l93la, b), and our structural hypothesis is essentially
in agreement with his. He refers bastnaesite to the true cell ac and gives
the correct space group C62c, which is derived from the morphological
point group 62rn and the space group extinctions (hh2hl absent when I

C 6  2 c

(3r

( o )

Ftc.9. (a) Fluorine-cerium layer at levels 0 and I schematically showing positions of
carbonate groups at heights t (faint line) and f; (heavy line). (b) Space-group symmetry
oI C62c.
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is odd) . He refers parisite and synchisite to pseudo-cells, namely cells
a'c',but he does not specify the space groups.

In all four species cerium and fluorine ions alternate at the vertices of
regular hexagons (Fig.9). With the radii given in the l iterature, r(Ce3+)
:I.02 L (Zachariasen, 1948) and r(F-):1.36 A lwells, 1950, p. 70),
the side of the hexagon has length 1.02+1.36:2.38 A and the predicted

ce l l  edge  o  i s  3X2 .38 :7 .14  A .  The  obse rved  o  ranges  f rom 7 .11+0 .02  A
for sync'hisite to 7.18*0.02 A for parisite. In the crystal structures of
parisite, roentgenite, and synchisite, calcium layers alternate with cer-

Frc. 10. Vertical section of bastnaesite structure by plane y:$. Light circles

show neighboring oxygen atoms.

ium-fluorine layers in various proportions (Fig. 8). Calcium ions are
placed above cerium ions. The disordered crystal structures of parisite
(Fig. a) and of the parisite-roentgenite polycrystal result from irregulari-
ties in the sequence of these layers. The decreased o value of the disor-
dered parisite may be ascribed to a slight displacement of fluorine and
cerium with respect to each other, so they no longer lie in one horizontal
plane. Bastnaesite cannot show disorder of this kind as it contains only
cerium-fluorine layers. In synchisite the disordered form would have to
contain calcium layers adjacent to each other; the nearly vertical posi-
tions of the carbonate groups between the layers (see below) makes such
an arrangement very unlikely.

Oftedal refers the crystal structure of parisite to a pseudocell (o',
c'/2) that contains one formula unit of 2CeFCOe.CaCOa. He states
(1931b, p.448,last l ine) that calcium at the origin is the only choice per-
mitted by all possible space groups: C6m2(D3nr), C62m(D373), C6mm
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(Cu\, C622(D61), and C6/mmrn(Dart). H" overlooks the fact that C6m2

offers the one-fold position 1(c): ], f,0. He places cerium (not f luorine)

above the origin, at 00u in parisite, at 00] in synchisite. In his paper on

bastnaesite he stated that interchanging the cerium and the fluorine ions

Tesrn 2. Arolrrc Panlun'tons Prrlucrpo ron BesrNe.nstrn
Space Group C62c (Dana);6CeFCO: per Cell

l***l Atomic parameters

Atom

F
F
Ce

C

Or
Orr

2(a)
4(f)
6(s)

6(h)

6(h)
12(i)

Atomic sites

0, 0, 0;0, 0,  I
i ,3,  ' ;  ?,  +,2; 3,  +, i1g; l ,  ?,  i -2.
r , 0 , 0 ; 0 ,  x , 0 ; f r , r , 0 ;
x , 0 ,  l ; 0 ,  r ,  l ;  i ,  r ,  ! .
x ,  ! ,  t )  j ,  ! i - y ,  + ;  y -s ,  r ,  i ;
y, rc, t ;  n, y-x, Z; r-y, i ,  I .
as above
f i ,  ! ,  z i  ! ,  x - ! ,  z i  y -J { ,  f i ,  z ;

$,  y ,  +-z;  9,  r - ! ,  i -z  ;  y-  s ,  i , i -z  ;
y, r, ++z; i, !-r, tr lz; r-y, i, i  1-z;
y ,  ) t , z ;  ) c ,  ! - r ,  z i  r -  j ,  ! , 2 -

Donnay

z=0
r:0 .  333

r :0.245;  y :0.333

x:0 .067 ;  y :0 .333
r :0.333;  y :0.333
z :0 .138

Oftedal

z = 0
- - L
t u -  I

would not appreciably alter his proposed stiucture (l93la, p. 469). We

are very grateful to H.T. Evans, of the Geological Survey, for pointing

out to us that the two resulting structures differ radically. Indeed with

cerium above the origin no structure will give acceptable interatomic

distances for any of the species, whereas with fluorine above the origin

the intensities of med.ium-strong and strong reflections are accounted for

and reasonable interatomic distances are obtained (Table 3). The fre-

quent occurrence of intergrowths also supports the identical Choice of

origi.t in the four crystal structures, because with this choice a number of

cerium-fluorine layers can extend throughout the polycrystal (Fig. 6)'

As the symmetry of bastnaesite is such that, with the help of known

ionic radii, one can predict the coordinates ol all the atoms (Table 2), we

shall discuss this structure in detail. There are six formula units of

CeFCOT per cell. Fluorine ions are placed at 2(o):0, 0, 0 and 4(/) tL 3, z,

wi th z :0.0 ( Int .  Tab.  1935, I ,279) ;  cer ium ions are in  posi t ion 6(g) :* '

0,0 with r:0.333. The three oxygen atoms of the carbonate group are

assumed to be at the vertices of an equilateral triangle, with-carbon at

the center and the carbon-oxygen distance d6 6 eQual to t.27 A (Zachar-

iasen, 1933). The six carbon atoms and six of the oxygen atoms, referred

to as O1's, can only be placed, in positions 6(h): *, !, i , oa the horizontal

mirrors. The remaining twelve oxygen atoms lie in 12 (i) ' .r,y, z' Let us
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Tenr,n 3. Ixronarourc DrsrlNcns Pnporcrno ron BesrwArsrrn

(Lengths in A units)

Ce-F
Ce-Or
Ce-Orr
F-Orr
C-Or or rr

(intra-ionic)
Orr-Or or n

(intra-ionic)
Orr-Orr

(inter-ionic)

2 . 3 9
2 . 4 9
', 7L

2 . 7 4
1 . 2 7

2 . 1 9

2 . 7 0

The same distances are also predicted for corresponding layers in the structures of
parisite and roentgenite.

call them Orr. From the size of the carbonate group, theft z parameter is
fixed at 0.138. Orr is placed on the vert;cal line through the center of the
hexagon outl ined by fluorine and cerium (Fig. 10), namely at *:0.333,
, :0 .333,  z :0.138,  Orr  is  thus at  a d is tance oI  2.74 A f rom each of  the
three fluorine ions. Using the fluorine radius of 1.364, the oxygen radius
found by subtraction is 1.38 A, a value that falls well within the range
reported in the l iterature (Evans, 1946, p. 171, gives 132 h; Wells,
1950, p. 70, gives 1.40 A, for the radius of O: in 6-fold coordination).
Any displacement of Orr in rc or y would decrease one of the fluorine-
oxygen distances, but any distance smaller than 2.74 A is unlikely. The
Orr's should thus lie on (or very nearly on) the c glide plane. As far as
they are concerned, the glide reduces to a translation c/2. In consequence
the Oyy's will not contribute to reflections hkil with I odd; only Or and
carbon are responsible for these reflections. This conclusion agrees with
the observation that the ratio of faint to strong intensities is considerably
smaller for bastnaesite than for the other species, in which some of the
Orr's do contribute to the faint reflections. Equating the height of the
carbonate group to the pseudo-period c"' yields an oxygen radius for
orr equal to 1.35 A in;g. to;.

The distance between Orr and Ce is, of course, the same as between
Orr and F, namely 2.71 A. This is a large value, as the sum of the ionic
radii of O- and Ce3+ is only 2.40 A. tte bonds Ce-O11 must therefore
be weak onesl to a first approximation, they may be neglected. Ce is
thus left with two positive charges after we subtract the three bonds of
strength $f each, which go to the neighboring fluorine ions. Cerium can
therefore be expected to attract Or as close to itself as possible. In other
words C and O1 will, in horizontal projection, lie on a straight Iine Orr - Ce.
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There are three such lines: two of them parallel to the cell edges and the

third one coincident with the trace of the c glide plane. Placing the car-

bonate group on the c glide plane would mean that it would be repeated,

by translation cf2, in the upper half of the cell. The cell height would

then have tobe c/2 instead of c, which would be contrary to fact. The

carbonate group will, therefore, be projected on a line parallel to a cell

edge; another carbonate group, related to the first one by a glide-reflec-

tion, will be projected parallel to the other cell edge. C is placed at lr:

0 .245 ,  y :Q .333 ,  z : f  and  Or  a t  r : 0 .067 ,  y :0 .333 ,7 : l '  The  Ce-Or

distance is 2.49 A. i l tre Ce-Or bonds form vertical zigzag chains: one in

the plane 1:$, others in the planes symmetricai to it (Fig. 10). Again

ignoring the bonds Ce-O11, each Ce gives two bonds, each of strength

1f , to the O1's, and each Or receives two such bonds. Thus the total

charge on the carbonate group is neutralized. The strength of these ver-

tical bonds accounts for the observed lack of cleavage (0001). It was not

possible to check by structure-factor calculations the proposed orienta-

tion of the carbonate groups because the reflections hhil with I odd are

barely visible and the contributions of C and Or to the other reflections

Tanr,n 4. Arourc Penauctrns Pnrorctro lon Petrsrtr eno Ronxtcnxtrn

space groups R3 (Cra): 18,l2CeFCOs'CaCOal per unit cell of parisite;

9[3CeFCOa '2CaCO:] per unit cell of roentgenite

z : O ;  O . 3 3 3 ;  O  6 6 7 i
0  1 0 8 ; 0  4 4 1 ; 0 . 7 7 5 ;
0 . 1 6 7 ; 0 . 5 0 0 ; 0  8 3 4 ;
0  275;  0 .608;  0 .942.

r : 0 . 3 3 3 ,  y : 0 ,  z : 0 ;
r : 0  3 3 3 ,  y : 0 ,  z : 0 . 1 0 8 ;
* : 0  3 3 3 ,  y : 0 ,  z : O . 1 6 7 ;
a : 0 . 3 3 3 ,  y : 0 ,  z : O  2 7 5

r : 0  3 3 3 , y : 0 ,  z :  0 5 4 ;
r : 0 . 3 3 3 ,  y : 0 ,  z : O  2 2 1 .

r : o  2 4 5 ,  y  : O  - 3 3 3 ,  z : 0 .  1 3 8 ;
r :o  215,  y  :O.333,  z :0 .  3O4;
rnt lnt zni n:1 to 4.

Atomic sites
(0, 0, 0; 6, ?, 3;
2  :  ! \ r

! ,  r -y ,  z ;
y - i ,  x ,  z .

Atomic parameters

z :O;  O 333;  0 .667;
0 . 1 3 1 ; 0  4 6 4 ; 0  7 9 8 ;
0 . 2 6 3 ; 0  5 9 6 ; 0 . 9 3 0

r' Y, zi r : 0  0 6 7 ,  y : 0 . 3 3 3 ,  z : 0 . 1 3 8 ;
* :o  o67,  y  :o .333,  z :0 .304;
r :o .  333,  y  :O 333,  z  :0 .  124 i
* : 0 . 3 3 3 , y : 0  3 3 3 ,  z : 0  1 5 1 ;
o :0 .333,  y :0  333,  z :O 291: '
r : 0 .  3 3 3 ,  l : 0  3 3 3 ,  z : O .  3 1 7 . ,
rn, yn, zn; n: I Lo 12-

x : O . 3 3 3 ,  y : O ,
r :O 333,y :O,
r : 0  3 3 3 ,  t : 0 ,

x : O  3 3 3 , y : O ,
* : 0 . 3 3 3 ,  y : 0 ,

r : 0 . O 6 7 , y : 0  3 3 3 ,  z : O  2 9 8 ;

r :0  333,y :0  333,  z :O 282;

r : 0  3 3 3 , 1 : 0  3 3 3 , 2 : 0  3 1 4 ;

sn ,yn ,zn ;n :L to  12 .
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are insignificant as compared with the contributions of cerium.
For the same reason it is impossible to determine all the atomic co-

ordinates in the three remaining structures. In the cases of parisite and
roentgenite, the true space group can be derived as follows. The Laue
class is 3 and the diffraction aspect R**. The atomic arrangements in
the cerium-fluorine layer, in the calcium layer, and in the interlayer rule
out the center of symmetry. The space group is uniquely determined as
R3.

For the crystal structures of parisite and roentgenite, the atomic co-
ordinates of fluorine, cerium, calcium, and those carbonate groups that
Iie between two cerium-fluorine layers can be predicted (Table 4). If
the distance between cerium-fluorine layers in bastnaesite, equal to 4.89
A, is ussu-ed to hold true for parisite, roentgenite, and synchisite, the
calculated distance between cerium-fluorine layer and calcium layer is
4.56 A in all three structures. The normal to the plane of a carbonate
group between two chemically different layers must therefore make an
angle of about 79o with the vertical (sin 11'=4.56/4.89).

Considering the structural scheme of these minerals, mCeFCOt.
nCaCOs, one can see no reason why values of m/n different from @,2,

$, and 1 cannot exist. Even solid solution resulting in a disordered crystal
structure can be envisioned. There exists, however, no fi-ray evidence of
more than four species. Compositions richer in calcium than synchisite
with analogous crystal structures are not to be expected. Their structures
would have to contain adjacent calcium layers, and with the nearly ver-
tical arrangement of the carbonate groups, the calcium coordination
number would be too low. Carbonate groups parallel to the calcium lay-
ers, as for example in calcite, would be predicted.

Cnysrer Monpuorocy

Now that the four species can be unequivocally referred to their true
cells by s-rays, it is possible in each case to ascertain which cell governs
the morphological development. The goniometric data of Palache and
Warren (1911) are interpreted in Table 5. The polycrystals they meas-
ured did not contain any bastnaesite, but their measured angles are
found among the calculated angles of all three remaining species. In view
of the difficulties encountered in measurement, the agreement between
their measured angles and our calculated angles is truly remarkable. It
bears witness to the skill and accuracy of these old-time crystallogra-
phers.

Bastnaesite

The morphology is controlled by the true cell ac and has point-group
symmetry 62m. Most crystals are tabular on c {0001}. One crystal from
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Gaines Mountain, N{uzo, Colombia (Harvard Museum.No- 11019)' is

short prismatic in habit, with a large trigonal prism a [2110\ ' asmall

hexagonal prismm {1010}, and three hexagonal dipyramids: q \l0ll l '  p

{101t} , ,  {1013}.  Measurements f rom excel lent  ref lect ions g ive p (1011)
' :57042'  

and p (1012):38o19' ,  f rom which we calculate cf  a: l '369 '  in

agreement with 1.367, the ratio of the cell edges obtained by r-rays'

Frc .11 . (a )Pa r i s i t e (a f t e rPa lacheandWar ren , l g l l ) ' - ( b )Pa r i s i t e (a f t e rCes i r o '
1907).-(c) Roentgenite (after Palache and Warren, 1911)'-(d) Intergrowth: synchisite

between roentgenite tips (Flink, 1901).-(e) synchiste (after Palache and warren, 1911).

The morphological space group is C62c(D*4), found as follows: the lat-

tice cannot be rhombohedraf because the dipyramids violate the R-

criterion, "(-h+k+t) divisible by 3"; the c glide plane is required by

the form s \t122\, which is reported in the l iterature and obeys the I-

criterion, "1, eve\." Palache et al' (1951, p. 289) erroneously gives C6c2

(D362) as the space group, wilh 6m2(?) as the point group'
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Parisite

There is no obvious morphological feature that would necessitate low-

Iettered o {1011}. The parisite crystal from Muzo (Fig. 11b) described
by Ces).ro (1907) can be indexed as follows: O |22ky, n (oiZ1, 4 IZO2S],o f  10111,  c  {0003}  ,  p  l r r23 l

crystal. The composition surface is planar, parallel to the base. The
rlo.m!9tre{r?r 

" {10T1}, with measured p of 
-gt"35,, 

is brought in zone
with h t0112}by rwinning.

Roentgenite

The morphological c cannot be twice the structural c, because crystal
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structure restricts symmetry more-not less-than crystal morphology.
It is difficult to see, from the structural scheme considered above, how
a/2 could be a pseudo-period. It follows that the morphological cf a is
the same as the structural c/o. The series of forms obtained with the
structural c/a (Table 5) are satisfactory.

The angle measurement on a crystal from Narsarsuk (U. S. National
Museum No. R 2673) were poor on T faces, good on n faces. Whereas the
axial ratio c/a:9.733 obtained by r-rays requires p (0II2) to be 79o54,,
the measured value is equal to 79"55|,-1 2t. The corresponding morpho-
logical ratio is 9.749+0.033. The value of p (1011.1, calculated lrom cf a
:9.733 is  84o55' .

One of the crystal drawings of Palache and Warren (1911), reproduced
here as figure 11c, shows a specimen that is essentially roentgenite, with
?  {1011 }  dominan t ,  t r unca ted  byz .  l 0112 }  and  a  l t t 20 l .

The two ends of the peculiar "crystal" of Flink (1901), reproduced as
f igure 1 ld,  consis t  of  roentgeni te.  The three forms cal led 7 {0331},  d
{3032}, y {OS3+} by Flink should be interpreted as referring to the ratio
5c"' f a:3.244 oI roentgenite, not to 3c"' f a':3.365 of parisite. The con-
fusion is easily explained-a:a't/3, so that 3c"'fa':(3{31c"'ya
:5c"'/a, since 3/3 is equal to 5 within 4 percent. When7, ot, and. yare
referred to'the structural ratio c/ a: 15 c"' f a oI roentgenite, they become
af ter  in terchanging the s igns of  the rhombohedra,  T |  10111,  r  l0 I I2 l
L Iror4l.

Ungemach (1935b) predicted a new species, which he called parisite
B, with an axial ratio of 10.094, that is to say 9c"' f a' . parisite B is there-
fore roentgenite.

The point group cannot be determined from morphology alone as no
doubly terminated single crystal has been found, and it is therefore im-
possib le to decide whether  l10 i1 l  and 10112) are rhombohedra or  t r i -
gonal pyramids.

The apparent point-group symmetry, 6m2, of some of the "crystals',
is incompatible with the rhombohedral lattice that is clearly indicated
by the morphology. The symmetry 6m2 is obviously that of a twin, in
which reflection in (0001) is the twin operation. As the lattice is rhombo-
hedrai, we are dealing with twinning by reticular merohedry. What in-
formation does twinning yield on the point-group symmetry? If the
point group were 3 2/m, it would give the twin symmetry 6/rn 2/rn 2/m.
This is contrary to fact, and point group 3 2/m is ruled out. If the point
group were 32, 3m, or 3, the same twin reflection would lead to the fol-
lowing twin symmetry: 62m, 6m2, or 6fm, respectively. On this basis,
only one of the three hemihedries, namely 3m, is a possible point group.
Finally, if the point group were 3, twinning by reflection in (0001) would
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Iead to 6 as symmetry of the twin. Further twinning could raise the twin

symmetry to6m2. Point group 3 is also possible on this count.

Evidence of striations or other surface features that would rule out

the mirrors of 3m was looked for under the binocular microscope at high

magnifi.cation, but to no avail. The distinction between 3m and 3 must

rest on the Laue class determined by r-rays.

Synchisite

Although synchisite has been found by r-rays to have lower symmetry,

it is markedly pseudo-hexagonal. Its morphology is controlled by the

pseudo-cell a'c" (see under unit-cell dimensions, above), with axial ratio

c" f a' :2.223. The series of forms are satisfactory (Table 5), judging from

the data taken from Palache and Warren (1911). These authors give a

crystal drawing (Fig. 11e) that shows only synchisite forms, namely:

c, a, k, p, V, H, r, w, i, l . This crystal looks orthorhombic. If one wishes to

refer synchisite to the orthorhombic system, the transformation 100

/120/0u must be applied to the hexagonal indices (third index omitted).

The lh.h.2 i l . l ) 's  become \2h.0. t \ 's  and. t1h.3h. l | 's ;  the \h\h l l 's  become

lhhll 's and' l0.2h.l\ 's. The orthorhombic lattice is C-centered, with axial

rat ios

ao , :bo , : co ,  :  a ' i a : c "  
# t "#  

:  o ' 577 : l : l ' 283 '

One intergrowth from llluzo (U. S. National Museum No' 106295)

gave good measurements on faces of the synchisite "dipyramids" o

{3031 }  and  p  {5 .5 .T0 .31 ,  name ly :82 "33 ' t o  82 "37 '  ( 82 '37 ' ,  ca l c ' )  and

82"17' (82"18', calc.). Two crystals of synchisite found on this intergrowth

are turned 30o with respect to each other around the c axis, as shown by

the following readings. :

O: 20"35',
p: 82'33',

50o3g,. g0.30,, 14[0o30,, 200'35',

82"33'. 82"17" 82"36" 82"37',.

This is, however, the only example we found of this phenomenon' None

of the polycrystals examined by ec-rays shows it.

Morphology of the intergrowths

The following relationship has been established: the a-axes of two

intergrown species are rigorously parallel within the limits of obseiva-

tion, but they are not in every case directed in the same sense. As men-

tioned above, f-rays show that they are directed in opposite senses in a

roentgenite-parisite polycrystal from Narsarsuk. On such an edifice posi-

tive rhombohedra of roentgenite occur in zone with negative rhombohe-

dra of parisite and v'ice aersa.
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_ When synchisite occurs with either parisite or roentgenite, the lh.h.-
Inll 's of synchisite referred to c" fa' occur in zone with th e {h\i l l l ,s and
the l\hii:ll's of the other species, whose indices are referred to the axes
c and a. The arrangement in coiumns of Table 5 is intended to bring out
tautozonal faces of the polycrystals. occasionally twinning introduces
additional complication.

The central part of Flink's intergrowth (Fig. 11d) could be synchisite
showing G {1013} and m lIl20), in which case the a, axes of synchisite
would parallel the o axes of roentgenite.

Cnysr,q.r, Oprrcs

The indices of refraction of the four species were measured by H.
Jaffe on small grains identified by r-rays. Indices of refraction were cal-
culated in two ways: (1) from ionic refractivit ies; (2) from form bire-
fringence.

I onic refractioities

The following equations, which are known to be fair approximations
for ionic structures, are used to calculate the indices of refraction;

e 2 - 7  M W
* ' ^ : L ( R . ) ; z ;c - t z  u  ;

= Y::  t  (R,),n,  (2)
@ - - r z  u  ,

nr is the number of atoms of the ath element in the molecule, R. and R,
are the ionic refractivities. They are given by Bragg (1939) for all but
the cerium ion (Table 6). For the carbonate ion the refractivities are
referred to vibration directions parallel and perpendicular to the plane
of  the ion,  R11 :1t .32 and Rr:8.38.  In  bastnaesi te R.  equals R' ,  be-
cause all carbonates are parallel to c and are therefore parallel to the vi-
bration direction of e. In all other structures this same value of R. was
used as a first approximation. To obtain the value of R,:9.58, we as-
sume elliptic variation of refractivity with vibration direction, and cal-
culate the average radius vector of the ellipse whose half-axes are Ril
and Rr.

Tasr,E 6. Iowrc Rrlnecrrvrrrns

(1)

t . 9 9
2 . 2 0

11.32

Calculated
Bragg, 1939, p. 185
Bragg, 1939, p. 182
Ro caiculated from Rr : 8 . 38, Re : R1, Bragg, 1939,

p .  185
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The refractivities of cerium are obtained by substituting the observed

indices of refraction of bastnaesite into equations (1) and (2) and solving

for (R.)c"+3 and (R,)6"+3. Bastnaesite was chosen because, having the

highest indices of the four species, the highest reliable indices reported for

it in the literature were likely to be those of single crystal grains' With

on grains previously identified by r-rays (Table 7) ' Contrary to custom

the calculated and observed birefringences are not listed, because they

are not computed directly. Any systematic error in calculated values of e

and c,r would cancel in the expression e-c'r' Good agreement in bire-

fringences could therefore be misleading'

Forrn birefringence

The crystal structures of the four species can be visualized (Fig' 12) as

consistin! of two kinds of "slabs" stacked in different proportions: bast-

naesite slabs (B) and synchisite slabs (S).

o
o

Co loyer

Ce -F  loyer
__q

o --\7-

o
n

q

T
9 . 1 2

-L

Frc. 12. Stacking of slabs in crystal structures: Bastnaesite:B:CeFCO"

parisite: B.S', roentgenite: B '2S, synchisite: 5: gspcQ3' CaCO3'

Crystals of parisite or of roentgenite and polycrystals of any two spe-

cies may be considered, mired. bod.ies, in Wiener's sense (1912), for slab

thicknesses are smaller thanl the wavelength of light. Let trr and z'z be

the volume fractions of the two constituents (ur*uz:1)' Let el, <rr1 b€

the indices of refraction of bastnaesite; e2, a2 those of synchisite' The

stack of slabs is optically uniaxial and its indices e, o are given by

Wiener's formulas for negative form birefringence (see, for instance'

Ambronn and Frey, 1926, or Donnay, 1936, 1945):

, , : -  
- ! 9 - - ,  

0 2 : 1 ) t a r 2  I t z r z z .
arez2 +'I)zef
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Tesr,n 7. Ixlrcas ol Rrln.qcrrox exo Sprcmrc Gn.q.vrry

Baslnaesile
1 Bastnas, Sweden

Bastn?is, Sweden
2 Belgian Congo
3 Gallinas, N. Mex
4 Narsarsuk, Greenld

5 Pikes Peak, Colo.

Pikes Peak, Colo
6 Madagascar
7 Jamestown, Colo
8 Belgian Congo

Parisite

9 Narsarsuk, Greenld
10 Narursuk, Greenld
11 Muzo, Colombia
12 Narsarsuk, Greenld

(2CeFCO, .CaCO,)

Roentgenile
13 Narsrsuk

(3CeFCOr. 2CaCOr)

Synchisite
14 Narsarsuk, Greenld.

15 Switzerland

16 Transvaal

(CeFCOa'CaCOa)

No. Locality

1  8242 1 .7225
1  8 2 3 5  1 . 1 2 2 0
1 . 8 2 3  1 . 7 2 2
l  8 1 9  1 . 7 1 8
1 .818 1 .7  18  (Na)

1  8 1 8  1  7 1 7
1 . 8 1 8  1 . 7 1 7
|  8 1 7  1 . 7  1 6
1 - 8 1 5  c a .  1 . 7 1 3

1  . 7 7 0 1  1 . 6 7 + 2
1.7690 1  6730
1  . 7 7  1 2  1  . 6 7  1 7
1  .  7 6 5  1 . 6 7 0
(+ s) (+ 2)
1 . 7 6 8  1 . 6 6 1

Geijer ('21) Glass & Smalley ('45)
Glass Glass & Smalley (,45)
Glass Glass & Smalley ('45)
Glass Glass & Smalley ('45)
JaBe Jan. 23, 195J (pr.

com.)
Larsen and Larsen and Berman

Berman (1934)
Glass Glass & Smalley ('45)
Glass Glass & Smalley ('45)
Glass Glass & Smalley ('45)
Buttgenbach ('47)

Flink ('01) in Palache,et al, (19511

Quercish ('12) h Palacbe, 6t ar, (1,951)
Quercigh ('12) in PaIache, et al (tgil)
lafre Jan 16, 1953

(pr. com )
Calcd. from ionic relractivities

4 .948

I  4 .36
) r  t t

4 . 9 3

c a . 5

4 . 9 9

3 . 9 1

3 . 9 0

3 . 9 9

(Na) Jafie

Calcd

Jan.23, 1953
(pr. com.)

from ionic refractiwi ties

Jan 16, 1953
(pr. con )

1 . / 55  1 .65 ,1

1 74s 1 6s0 (Na)
(+ s)  (+ 2)

> 1 7 4  1 . 6 4 9

r 644

Parker el al.

('3e)
Siihnge ('44) in Palache, Berman

and Frondel (1951)

Calcd from ionic refractivities

ztr:nthrf (nthr+nzh2), 12:nrla"/ (nrh,In hz) .

For pure parisite n7:n2:1 and ur:Q.6508; for pure roentgenite nr
:1 ,  n2 :2 ,  and  z2 :Q . /gg j .

The highest values on record for the indices of refraction of bastnaesite
are those obtained by Geijer (r92r) on material from the type locality:
er :7.8242,  at :1.7225. I t  is  d i f f icu l t  to  decide which measured values ro
use for the synchisite indices. Sdhnge,s values (palache, Berman and
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1.7225

r . 6 5

Ftc. 13. Indices of refraction vs. composition expressed as volume fraction of S slabs.

Curves e,o, obtained from Wiener's formula with Geijer's values for the indices of bast-

naesite and Jaffe's values for those of synchisite. Curves e"0" obtained with the same in-

dices for bastnaesite and Jafie's values for parisite.

Frondel, 1951, p. 287), e2:1.744,u2:1.644, were tried first. They give e
and d curves which account fairly well for the experimental data. But

the measurements that H. Jaffe made on our material, e2:l.J45, rt
:1.650, give better curves (e' and o/, Fig. 13) on which measured indices

of various sources (numbered in Table 7) can be seen to lie vertically

above each other, each pair (e;, o;) corresponding to one and the same

il-v ----:'
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abscissa. The parisite values (Nos. 9-12), however, all fall to the right of
the theoretical composition; l ikewise the roentgenite indices (No. 13)
fall to the right of their abscissa. This lack of agreement in position is
taken as an indication that the indices used for svnchisite were not meas-
ured on pure synchisite.

By assuming that the indices measured on our parisite (No. 12) by
H. Jafie are those of pure parisite, we can calculate much lower indices
for pure synchisite, namely 1.736 and 1.641. The corresponding curves
(e" and o", Fig. 13) likewise show that any pair of measured indices lie
on a vertical line. Now, however, the roentgenite pair falls to the left of
its composition and the group of parisite values (other than No. 12)
also falls to the left of the parisite composition. The correct curves
should probably lie between e' and e" and between o' and o". Such un-
certainties will not be resolved until the indices can be measured on two
crystals of known compositions. From the e and o curves that could then
be drawn, it would be possible to read the composition corresponding to
any pai r  oI  measured indices.

The variations observed in the indices of the bastnaesite specimens
(Nos. 1 to 8) indicate the presence of some S slabs, either as part of a
little intercalated parisite or roentgenite or as intersitial S slabs that do
not constitttte synchisite crystals. In the first case the specimen is a poly-
crystal. In the second case we are dealing with a special kind of solid
solution in which not random isolated atoms but whole structural layers
at a time substitute for each other. For a given composition the type of
disorder observed by r-rays, namely faults in the stacking of layers,
should not afiect the indices of refraction.
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